Posttranslational histone modifications play important roles in transcription and other chromatin-based processes. Compared to acetylation, methylation, and phosphorylation, very little is known about the function of histone ubiquitylation. Here, we report the purification and functional characterization of a histone H3 and H4 ubiquitin ligase complex, CUL4-DDB-ROC1. We demonstrate that CUL4-DDB-ROC1-mediated H3 and H4 ubiquitylation occurs both in vitro and in vivo. Importantly, CUL4-DDB-ROC1-mediated H3 and H4 ubiquitylation is regulated by UV irradiation. Reduction of histone H3 and H4 ubiquitylation by knockdown of CUL4A impairs recruitment of the repair protein XPC to the damaged foci and inhibits the repair process. Biochemical studies indicate that CUL4-DDB-ROC1-mediated histone ubiquitylation weakens the interaction between histones and DNA and facilitates the recruitment of repair proteins to damaged DNA. Thus, our studies uncover CUL4-DDB-ROC1 as a histone ubiquitin ligase and demonstrate that histone H3 and H4 ubiquitylation participates in the cellular response to DNA damage.
Introduction
Posttranslational modifications of histones play an important role in regulating many aspects of chromatin biology (Martin and Zhang, 2005; Peterson and Laniel, 2004) . Compared to acetylation and methylation, histone ubiquitylation is less well characterized (Jason et al., 2002) . Recent identifications of enzymes involved in histones H2B and H2A ubiquitylation have revealed critical functions for this modification in transcriptional regulation, recombination, and the damage checkpoint response (Giannattasio et al., 2005; Osley, 2004; Wang et al., 2004; Yamashita et al., 2004) .
Although histone ubiquitylation has been known for more than three decades (Goldknopf et al., 1975) , its functional significance remained elusive until very recently (Osley, 2004) . Yeast histone H2B is ubiquitylated at lysine 123 (equivalent to lysine 120 in mammals), and uH2B accounts for about 10% of total cellular H2B (Robzyk et al., 2000) . Rad6 and Bre1 have been identified as the ubiquitin conjugating and ligation enzymes responsible for this modification (Hwang et al., 2003; Robzyk et al., 2000; Wood et al., 2003) . Subsequent studies have demonstrated a role for H2B ubiquitylation in transcriptional activation (Henry et al., 2003; Kao et al., 2004) . Furthermore, deletion of H2B deubiquitinase Ubp10 impairs silencing at telomere and rDNA regions (Emre et al., 2005; Gardner et al., 2005) . Interestingly, H2B ubiquitylation was found to be required for subsequent methylation of H3K4 and H3K79 (Briggs et al., 2002; Dover et al., 2002; Ng et al., 2002; Sun and Allis, 2002) , suggesting a role for H2B ubiquitylation in the regulation of other histone modifications and chromatin function. Recently, it has been shown that RNF20/40, the mammalian counterpart of Bre1, possesses ubiquitin ligase activity for histone H2B and that H2B ubiquitylation could regulate H3K4 and H3K79 methylation (Kim et al., 2005; Zhu et al., 2005) , indicating that the role of H2B ubiquitylation in transcription is evolutionally conserved. In addition to transcription, H2B ubiquitylation has recently been implicated in meiotic recombination and DNA damage checkpoint control (Giannattasio et al., 2005; Yamashita et al., 2004) .
In contrast to budding yeast, histone H2A is the most abundant ubiquitylated protein in mammals (West and Bonner, 1980) . The ubiquitin molecule is attached to lysine 119 of histone H2A (Bohm et al., 1980) . Although earlier studies have implicated a role for H2A ubiquitylation in gene activation (Jason et al., 2002) , the recent identification of the H2A ubiquitin ligase has linked H2A ubiquitylation to Hox gene silencing (Cao et al., 2005; Wang et al., 2004) . Interestingly, H2A ubiquitylation also appears to participate in X inactivation (de Napoles et al., 2004; Fang et al., 2004) .
In addition to H2A and H2B, histones H3, H2A.Z, and H1 have also been reported as substrates for ubiquitin modification (Jason et al., 2002) . The enzyme responsible for H1 ubiquitylation was identified as TAF II 250 in Drosophila (Pham and Sauer, 2000) , and ubiquitylation of H1 has been linked to gene repression in the Dorsal pathway (Pham and Sauer, 2000) . Histone H3 was reported to be polyubiquitylated in elongating rat spermatids (Chen et al., 1998) . The function of H3 ubiquitylation was proposed to mediate its degradation after its replacement by transition proteins during spermatogenesis (Chen et al., 1998) . Recently, a testis-specific UBC4 isoform, UBC4-testis (Wing et al., 1996) , and a HECT domain-containing protein, LASU1 (Liu et al., 2005) , were reported to be capable of ubiquitylating histones in vitro. However, the physiological relevance of these proteins in histone ubiquitylation remains to be shown. The histone H2A variant H2A.Z was also reported to be ubiquitylated in developing trout testis (Nickel et al., 1987) , but neither the enzyme responsible for the modification nor its function is known.
Do histone H3 and H4 ubiquitylations occur in vivo? If they do, what are the responsible enzymes and what are the functions of these modifications? In this report, we demonstrate that both histones H3 and H4 are ubiquitylated in vivo. Moreover, we provide evidence that a ubiquitin ligase complex, which is composed of CUL4A, CUL4B, DDB1, DDB2, and ROC1 (RBX1), is responsible for H3 and H4 ubiquitylation. Importantly, UV irradiation results in a CUL4-DDB-ROC1-dependent increase in the levels of H3 and H4 ubiquitylation. Finally, we provide evidence indicating that CUL4-DDB-ROC1-mediated H3 and H4 ubiquitylation causes histone release from nucleosomes that in turn facilitates recruitment of repair proteins to the damaged foci. Thus, our studies identify CUL4-DDB-ROC1 as a histone ubiquitin ligase and link H3 and H4 ubiquitylation to cellular response to DNA damage.
Results

Purification of a Previously Unidentified Histone Ubiquitin Ligase Complex
In an effort to understand the function of histone ubiquitylation in mammalian cells, we set out to purify the histone ubiquitin E3 ligase enzyme(s) by using an in vitro assay coupled with chromatography. By monitoring the histone ubiquitin ligase activity, we previously purified and characterized a histone H2A-specific ubiquitin ligase complex, hPRC1L (Wang et al., 2004) . During the purification, we noticed a ubiquitin ligase activity, which appears to be capable of ubiquitylating all histones, was present in the flowthrough from the Mono Q column. This activity was completely separated from the H2A-specific ligase activity ( Figure 1B ).
To purify this activity, the samples were fractionated on a Mono S column. Silver staining and ubiquitin ligase assays of the fractions derived from the Mono S column allowed us to correlate the enzymatic activity to five polypeptides ( Figure 1C ). To confirm that the five polypeptides are indeed components of the same protein complex and responsible for the activity, the active fractions (41-47) were combined and further fractionated on a Superdex 200 gel filtration column. Analysis of the fractions derived from this column indicated that the five polypeptides cofractionate as a protein complex of 300-400 kDa ( Figure 1D , top) with histone ubiquitin ligase activity ( Figure 1D, bottom) . Therefore, we conclude that the five-component protein complex is responsible for the ubiquitin ligase activity.
To identify the polypeptides, we concentrated fractions 37-39 of the Superdex 200 column ( Figure 1D ) and resolved them on an SDS-PAGE gel ( Figure 1E ). After Coomassie staining, the protein bands were excised and subjected to in-gel tryptic digestion. Mass spectrometry analysis revealed that the five polypeptides were damaged DNA binding protein 1 (DDB1), Cullin 4B, Cullin 4A, damaged DNA binding protein 2 (DDB2), and ROC1/RBX1. Based on its polypeptide composition, we have named the protein complex CUL4-DDB-ROC1.
In Vitro Characterization of the CUL4-DDB-ROC1 Complex The identification of CUL4-DDB-ROC1 as histone ubiquitin ligase is intriguing. Previous studies have demonstrated the ubiquitin ligase activity of CUL4A-containing complexes for a variety of substrates (Higa et al., 2003; Sugasawa et al., 2005; Wertz et al., 2004) , but the ubiquitin ligase activity toward histones has not been reported. To determine whether histones are physiological substrates of the CUL4-DDB-ROC1 ligase, we attempted to analyze the substrate specificity of the purified CUL4-DDB-ROC1 complex. To this end, individual recombinant histones, histone octamers, mononucleosomes, and oligonucleosomes were used in the ubiquitylation assay. Results shown in Figure 2A indicate that CUL4-DDB-ROC1 ubiquitylated all forms of histones with a similar efficiency. Interestingly, CUL4-DDB-ROC1 could ubiquitylate histones to mono, di-, tri-, or multimer forms (Figure 2A, top) .
The appearance of multiple ubiquitin molecules on a particular histone could be due to the formation of a multiubiquitin chain at a single lysine residue of a particular histone or due to the attachment of a single ubiquitin molecule to multiple lysine residues of a particular histone. To distinguish between these two possibilities, we performed a histone ubiquitin ligase assay with methyl ubiquitin, which is not capable of serving as a substrate for subsequent attachment of additional ubiquitin molecules (Liu et al., 2005) . Results show in Figure 2B (lanes 2, 4, 6, and 8) indicate that multiubiquitylated forms of histones are still detected, although less efficiently, when methyl-ubiquitin is used in the reactions. This result indicates that histone ubiquitylation by CUL4-DDB-ROC1 occurs at multiple lysine residues of all four histones in vitro. A similar property was reported for a testis-specific histone ubiquitin ligase LASU1 in vitro (Liu et al., 2005) .
Histones H3 and H4 Are Ubiquitylated In Vivo Although histone H3 ubiquitylation has been reported in rat elongating spermatids (Chen et al., 1998) , there is no report that histone H4 is ubiquitylated in vivo. To explore the physiological relevance of CUL4-DDB-ROC1-mediated histone ubiquitylation, we determined whether histones H3 and H4 are ubiquitylated in vivo. To this end, we transfected HeLa cells with DNA encoding Flag-H3.1 or HA-ubiquitin individually or in combination. Cell extracts derived from the transfected cells were subjected to immunoprecipitation with M2 anti-Flag antibody under denaturing conditions (Shiio and Eisenman, 2003) . Western blot analyses with anti-Flag and anti-HA antibodies demonstrate that cells cotransfected with plasmids encoding Flag-H3.1 and HA-ubiquitin displayed slower-migrating bands, which correlate with the size of the ubiquitylated form of Flag-H3.1 ( Figure 3A , lane 8, also see Figure 4C , lane 2). These results indicate that exogenously expressed histone H3 is subjected to ubiquitylation in HeLa cells.
To determine whether histones H3 and H4 are ubiquitylated under more physiological conditions, we generated a HeLa cell line that carries an integrated, HAtagged ubiquitin gene. To avoid potential artifacts caused by overexpression of the tagged protein, we compared the levels of ubiquitylated H2A that contains HA-ubiquitin to endogenous ubiquitin by using the uH2A-specific antibody (Vassilev et al., 1995) . Western blotting analysis revealed that the levels of HA-uH2A were not higher than uH2A (data not shown). This result indicates that the HA-ubiquitin gene was expressed at a level similar to that of endogenous ubiquitin. When analyzed by immunoblotting with the anti-HA antibody, a signal of about 25 kDa that corresponds to HA-uH2A was detected in the HA-ubiquitin-integrated cells, but not in the control HeLa cells ( Figure 3B , compare lanes 3 and 4). Importantly, we detected specific signals at positions that correspond to the ubiquitylated histones H3 and H4, although at much lower levels than that of uH2A ( Figure 3B ( Figure 3B , lane 8). Based on these results, we conclude that histones H3 and H4 are ubiquitylated in vivo.
We have also determined the relative levels of uH3 and uH4 in HeLa cells by Western blotting using antibodies against H3 and H4. Based on the results shown in Figure 3C , we estimate that only about 0.3% of total histone H3 is ubiquitylated (top, compare lanes 1 and 5), whereas less than 0.1% of total histone H4 is ubiquitylated (bottom, compare lanes 1 and 5).
Histone H3 and H4 Ubiquitylation Requires CUL4 and DDB1 After demonstrating that histone H3 and H4 ubiquitylation occurs in vivo, we set out to determine whether their ubiquitylation is catalyzed by the CUL4-DDB-ROC1 complex. Previous studies have indicated that CUL4A, CUL4B, and DDB1 are required for the ubiquitin ligase activity of a CUL4-containing protein complex (Higa et al., 2003; Hu et al., 2004) . To address the potential role of CUL4 proteins in histone H3 and H4 ubiquitylation, we performed RNAi-mediated knockdown of CUL4A and CUL4B in the HA-ubiquitin-tagged cell line and examined the effects of CUL4A or CUL4B knockdown on the levels of H3 and H4 ubiquitylation. Results shown in Figure 4A demonstrate that knockdown of CUL4A or CUL4B significantly reduces H3 and H4 ubiquitylation levels (compare lanes 2 and 3 with 1), indicating that both CUL4A and CUL4B contribute to histone H3 and H4 ubiquitylation in vivo.
To further evaluate the contribution of the CUL4-DDB-ROC1 complex in histone H3 and H4 ubiquitylation in vivo, we generated two independent DDB1 stable knockdown cell lines by using a vector-based RNAi technique (Wang et al., 2004) . Western blot analysis indicated that the DDB1 levels were significantly reduced in both cell lines ( Figure 4B ). To examine the effect of DDB1 knockdown on histone ubiquitylation, DNAs encoding Flag-H3.1 and HA-ubiquitin were transfected individually or in combination into control and DDB1-knockdown cells. Cell extracts were then subjected to immunoprecipitation with M2 anti-Flag antibody under denaturing conditions (Shiio and Eisenman, 2003) . Western blot analysis indicated that the H3 ubiquitylation levels were greatly reduced in the DDB1-knockdown cells when compared with control cells ( Figure 4C , compare lanes 2 and 4). Similar results were also obtained by using the second DDB1 knockdown cell line KD2 or the CUL4A stable knockdown cell lines ( Figure 6A and data not shown). Collectively, the above results allow us to conclude that the CUL4-DDB-ROC1 complex is responsible for histone H3 and H4 ubiquitylation in vivo.
CUL4-DDB-ROC1-Mediated H3 and H4 Ubiquitylation Is Induced by UV Irradiation Having established that CUL4-DDB-ROC1 complex functions as a bone fide histone ubiquitin ligase, we explored its physiological function. Two lines of evidence point to its potential role in DNA damage response. First, the complex contains the damage DNA binding proteins DDB1 and DDB2, which have been shown to relocate to damaged DNA foci after UV irradiation (Otrin et al., 1997) . Second, a similar ubiquitin ligase complex has been reported to bind chromatin tightly after UV irradiation (Groisman et al., 2003) . To test this possibility, we examined the effect of UV irradiation on histone ubiquitylation. Although the levels of H2A ubiquitylation were not changed in response to UV irradiation or CUL4A knockdown ( Figure S1 available in the Supplemental Data with this article online), a time course study indicates that the levels of H3 and H4 ubiquitylation exhibit a dynamic change in response to UV irradiation ( Figure 5A ). The ubiquitylation levels increase quickly after UV irradiation, reach peaks between 1 and 2 hr, decrease after 4 hr, and return to the normal levels after 8 hr. This dynamic change in response to UV irradiation suggests that histone ubiquitylation may participate in cellular response to DNA damage. To determine whether the UV-induced increase in histone ubiquitylation depends on the CUL4-DDB-ROC1 complex, we performed the same experiments in cells treated with CUL4A siRNA. Consistent with previous results, transfection of CUL4A siRNA greatly reduced the H3 and H4 ubiquitylation levels ( Figure 5B, compare lanes 1 and 3) . Importantly, UV-induced increases in H3 and H4 ubiquitylation were not observed in cells treated with CUL4A siRNA ( Figure 5B , compare lanes 2 and 4). This result indicates that the UV-induced H3 and H4 ubiquitylation is mediated by the CUL4-DDB-ROC1 complex.
To test whether UV irradiation directly contributes to histone ubiquitylation, we assembled mononucleosomes using DNA with or without UV irradiation (Figure 5C ). When these nucleosomes were subjected to in vitro ubiquitylation assay, we found that nucleosomes assembled with UV-damaged DNA are a better substrate for the CUL4-DDB-ROC1 complex compared to nucleosomes assembled with undamaged DNA (Figure 5D, compare lanes 1-4 with lanes 5-8) . Interestingly, the reaction proceeded quickly, with more than 80% of the total ubiquitylation completed within 10 min when UV-damaged nucleosomes were used as substrates ( Figure 5D, bottom) . Similar results were obtained with nucleosomes that were directly subjected to UV irradiation ( Figure S2 ). These results support a direct contribution of DNA damage by UV on CUL4-DDB-ROC1-mediated histone ubiquitylation.
CUL4A Knockdown Impairs Cellular Response to DNA Damage by UV To examine the role of H3 and H4 ubiquitylation in cellular response to UV damage in vivo, we generated two stable cell lines with knockdown of CUL4A ( Figure 6A , compare lane 1 with lanes 2 and 3). Knockdown of CUL4A reduced the ability of these cells to repair thymine dimers, especially within the first 1-2 hr ( Figure 6B ). Given that the H3 and H4 ubiquitylation levels increase quickly in response to UV irradiation ( Figure 5D ), we investigated whether CUL4A knockdown affects an early step in the (lanes 3 and 4) . Antibodies used are indicated on the left side of the panels. Tubulin was used as a loading control. The ubiquitylation levels of H3 and H4 (bottom two panels) were relative to the level before UV treatment. Variations of three independent experiments are indicated by error bars. (C) Mononucleosome assembly with DNA fragments with or without UV irradiation. EtBr-stained 5% native polyacrylamide gel (top) and Coomassie staining of a 18% polyacrylamide-SDS gel (bottom) containing DNA (lanes 1 and 3) and reconstituted mononucleosomes (lanes 2 and 4) are shown. DNA was irradiated (lanes 3 and 4) or mock irradiated (lanes 1 and 2) with UV prior to the reconstitution. (D) UV damage-containing nucleosomes are better substrates for CUL4-DDB-ROC1 ligase complex. Histone ubiquitin ligase assay (top) of the CUL4-DDB-ROC1 complex with mononucleosomes reconstituted with mock-irradiated DNA (lanes 1-4) and UV-irradiated DNA (lanes 5-8). Time points at which samples were taken from the reaction mixture are indicated on the top of the panel. Quantification of the ubiquitylated H3 levels is shown on the bottom. The ubiquitylation level at 10 min after the reaction with mock-irradiated DNA was arbitrarily set as 100%. Variations between three independent experiments are indicated by error bars. repair process, namely the recruitment of the repair proteins such as XPC. Western blot analysis revealed that the levels of XPC are similar in control and CUL4A knockdown cells ( Figure 6A ). Immunostaining revealed that in control cells XPC started to relocate to the damaged foci, indicated by CPD staining, immediately after UV irradiation (0 min) and completely colocalized with the damaged foci 30 min after the irradiation ( Figure 6C , left panels). However, colocalization of XPC and CPD was not observed under the same conditions in the CUL4A knockdown cells ( Figure 6C, right panels) . This result indicates that CUL4A, which is required for UVinduced H3 and H4 ubiquitylation ( Figure 5B ), plays an important role in the recruitment of repair proteins to the damaged foci.
To examine whether H3 and H4 ubiquitylation directly contributes to XPC recruitment, we analyzed whether the affinity of the XPC-RAD23B complex to nucleosomes is affected by DNA damage and/or histone ubiquitylation by using a strategy depicted in Figure 6D . Nucleosomes were first immobilized on streptavidin beads and then subjected to ubiquitylation reaction with the CUL4-DDB-ROC1 complex. After washing, the beads were incubated with the purified XPC-RAD23B complex (Figure 6E, left) , which is capable of binding to the damaged DNA ( Figure S3 ). Western blot analysis was then performed to determine the amount of XPC in supernatant and bound fractions. To our surprise, we found that neither UV damage nor histone ubiquitylation affected the affinity of XPC-RAD23B toward the nucleosomes (Figure 6E , right two top panels). Although this appears to be in conflict with a previous report (Yasuda et al., 2005) , we note that the two experiments were carried out with nucleosomes containing different types of DNA damages. The nucleosomes used by Yasuda et al. all contained a 6-4PP damage site, whereas the nucleosomes used in this study were damaged by UV irradiation and contained both CPD and 6-4PP. In any case, our result indicates that H3 and H4 ubiquitylation may affect the recruitment of XPC-RAD23B to the damaged nucleosomes through an indirect mechanism.
To explore this possibility, we compared the amount of histone H3 in the supernatant (Ft1 and Ft2) and bound fractions. Results shown in Figure 6E indicate that the amounts of histone H3 retained on the beads were consistently lower in the presence of ATP than in the absence of ATP ( Figure 6E , third panel, compare lanes 2 and 4 with lanes 1 and 3). Based on this result, we speculate that H3 and H4 ubiquitylation may interfere with histone-DNA interaction and cause core histones release from nucleosomes. The detection of H3 in the supernatant after histone ubiquitylation reaction is consistent with this notion ( Figure 6E , fourth panel, compare lanes 2 and 4 with lanes 1 and 3).
UV-Induced Histone Ubiquitylation Facilitates Histone Release from Nucleosomes
To determine whether UV-induced histone ubiquitylation affects the association of histones with DNA in vivo, we fractionated HeLa cell proteins into cytoplasmic, nuclear extract, and nuclear pellet fractions. The nuclear pellet fraction contains proteins that are tightly associated with DNA. Western blot analysis indicated that the majority of histones was present in the nuclear pellet fraction ( Figure 7A, lane 3) . However, the ubiquitylated H3 is detectable in all three fractions, although the majority (83%) is present in the nuclear pellet fraction. As expected, upon UV irradiation, the levels of uH3 increased. Interestingly, a significant change in the distribution of uH3 was observed ( Figure 7A, bottom) . The uH3 in the nuclear pellet fraction dropped from 83% to 41%, whereas the uH3 in the nuclear extract and cytoplasm fractions increased from 12% to 40% and 5% to 19%, respectively. These results are consistent with the notion that UV-induced H3 and H4 ubiquitylation affects nucleosome stability.
To determine whether UV-induced redistribution of uH3 depends on H3 ubiquitylation, we repeated the experiments in CUL4A knockdown cells ( Figure 7B ). Consistent with our previous observations ( Figure 5B ), CUL4A knockdown reduced the uH3 levels ( Figures 7A  and 7B , compare second panels). Importantly, no significant change was observed in the distribution of uH3 in response to UV irradiation ( Figure 7B, bottom) . Together, our results support a model ( Figure 7C ) in which UV-induced H3 and H4 ubiquitylation weakens the interaction between histones and DNA, which results in partial or complete remodeling of the damaged nucleosomes so that the damaged DNA is accessible to the repair proteins such as XPC-RAD23B. Consistent with this model, XPC-RAD23B exhibited much higher affinity for naked DNA than for nucleosomes (Hara et al., 2000) , although UV-damaged nucleosomes could still be bound by XPC-RAD23B (Yasuda et al., 2005) .
Discussion
In this study, we identified and characterized the CUL4-DDB-ROC1 complex as a ubiquitin E3 ligase for histones H3 and H4. We provide evidence that CUL4-DDB-ROC1-mediated H3 and H4 ubiquitylation facilitates cellular response to UV damage by affecting nucleosome stability.
H3 and H4 Ubiquitylation Is Involved in DNA Damage Response
Of the four core histones, H2A and H2B have long been known to be modified by ubiquitin conjugation (Jason et al., 2002; Osley, 2004) . Recent studies on H2B and H2A ubiquitylation in budding yeast and mammals have revealed a critical role for H2B and H2A ubiquitylation in regulating transcription and other cellular processes (Osley, 2004; Wang et al., 2004) . However, whether histones H3 and H4 are ubiquitylated and what the function of histone H3 and H4 ubiquitylation is remained unknown.
Here, we present evidence that histone H3 and H4 are ubiquitylated in vivo. Compared with H2B and H2A ubiquitylation, H3 and H4 ubiquitylation occurs at substantially lower levels (0.05%-0.3%). Despite its low abundance, ubiquitylation of H3 and H4 may play important roles in regulating chromatin function. Several lines of evidence support the contention that CUL4-DDB-ROC1-mediated H3 and H4 ubiquitylation is an important aspect of cellular response to DNA damage. First, UV irradiation results in a marked increase in H3 and H4 ubiquitylation ( Figure 5A ). Importantly, this increase depends on CUL4A ( Figure 5B ). Second, CUL4A is not only required for efficient repair of the thymine dimers but also plays an important role in the recruitment of the repair proteins, such as XPC, to the damaged foci ( Figure 6 ). Consistently, DDB2, a component of the CUL4-DDB-ROC1 complex, has been shown to be required for the recruitment of XPC to the damaged foci (Fitch et al., 2003) . Third, we provide evidence that UV-induced histone ubiquitylation alters nucleosome stability, which can cause histone release from nucleosomes. Because XPC has been shown previously to have higher affinity for naked DNA than for nucleosomes (Hara et al., 2000) , histone eviction from damaged nucleosomes may facilitate the recruitment of XPC to the damaged foci.
Our studies indicated that UV irradiation does not have a significant effect on the levels of uH2A ( Figure S1 ). Although this result is consistent with our previous reports that hPRC1L is the major ubiquitin ligase for histone H2A (Wang et al., 2004) , it is inconsistent with a recent report that DDB1-CUL4A-DDB2 ubiquitylates histone H2A during UV irradiation (Kapetanaki et al., 2006) . While this manuscript was under review, Kapetanaki et al. (2006) reported that the DDB1-CUL4A-DDB2 complex coimmunoprecipitates with uH2A and that ubiquitylation of H2A is impaired after UV irradiation in DDB2-mutated xeroderma pigmentosum group E cells, indicating that histone H2A might be a physiological target for the DDB1-CUL4A-DDB2 complex during cellular response to UV damage (Kapetanaki et al., 2006) . Although the reasons for these discrepancies are currently unknown, we note that the two studies used different cell lines.
Although our studies support a function for CUL4-DDB-ROC1-mediated histone ubiquitylation in DNA damage response, ubiquitylation of proteins other than histones by CUL4 has been reported to regulate genome stability (Higa et al., 2003; Hu et al., 2004; Zhong et al., 2003) . For example, CTD-1, a licensing factor required for DNA replication in S phase, has been shown to be a substrate for CUL4. It is believed that ubiquitylation and subsequent degradation of CDT-1 ensures progression of the cell cycle. In addition to CDT1, CUL4 has also been shown to affect the stability of other proteins, including STAT1 and STAT3 (Andrejeva et al., 2002; Ulane et al., 2003) , DDB2 (Chen et al., 2001 ), c-jun (Wertz et al., 2004) , and XPC . Although ubiquitylation of CDT1 or other nonhistone proteins may regulate their stability, ubiquitylation of histones may cause their eviction from nucleosomes. Whether the evicted ubiquitylated histones are targeted for degradation remains to be determined.
Role of Histone Ubiquitylation on Chromatin Function
In addition to participating in the cellular response to DNA damage, CUL4-mediated histone ubiquitylation may regulate other aspects of chromatin function, including heterochromatin silencing. For example, the fission yeast CUL4 ortholog Pcu4 was recently reported to be a component of a complex that also includes Rik1 and Clr4 (Horn et al., 2005; Jia et al., 2005) . Rik1 is highly related to DDB1, whereas Clr4 is the H3K9 (C) A model depicting the involvement of CUL4-DDB-ROC1-mediated histone ubiquitylation in cellular response to UV damage. Upon UV irradiation, CUL4-DDB-ROC1 histone ubiquitin ligase complex is recruited to the damaged chromatin. CUL4-DDB-ROC1-mediated histone ubiquitylation around the lesion causes histone eviction from the damaged nucleosomes, which exposes the damaged DNA to the repair proteins. methyltransferase in fission yeast. Both proteins are involved in heterochromatin formation. Expression of a dominant-negative Pcu4 mutant interferences with heterochromatin function, and mutations of CUL4 result in defective localization of Clr4 and loss of heterochromatin silencing. Interestingly, these defects can be rescued by the expression of wild-type, but not by a mutant CUL4, which lacks sites for Nedd8 modification (Horn et al., 2005; Jia et al., 2005) . Given that the ubiquitin ligase activity of this CUL4 complex requires Nedd8 modification (Liu et al., 2002) , it is likely that the defective heterochromatin function that the CUL4 mutants exhibit is mediated by defective histone ubiquitylation.
Pcu4 and Rik1, the fission yeast homologs of the CUL4 and DDB, associate with the H3K9 methyltransferase Clr4, suggesting that H3 and H4 ubiquitylation might be connected to H3K9 methylation. Although the exact relationship between these two modifications remains to be elucidated, it is noteworthy to mention that a ''transtail'' relationship between H2B ubiquitylation and H3K4/H3K79 methylation has been established in both budding yeast and mammals (Briggs et al., 2002; Dover et al., 2002; Ng et al., 2002; Sun and Allis, 2002; Kim et al., 2005; Zhu et al., 2005) . Genetic studies in budding yeast indicate that H2B ubiquitylation is required for subsequent methylation of H3K4 and H3K79. Recent studies indicate that H2B ubiquitylation may control H3K4 and H3K79 methylation by regulating the activity of the histone methyltransferases Set1 and Dot1 (Shahbazian et al., 2005) .
Compared with other histone modifications, ubiquitylation involves the addition of a relatively large molecule that is two-thirds the mass of an individual histone. Due to the large size of this molecule, it has been postulated that ubiquitylation will have an impact on chromatin structure (Jason et al., 2002) . However, in vitro nucleosome reconstitution experiments and in vivo studies on histone H2B ubiquitylation have thus far failed to obtain supporting evidence (Jason et al., 2002; Shahbazian et al., 2005) . Chromatin fibers reconstituted with uH2A molecules have similar properties to the control chromatin with regard to folding and sedimentation (Jason et al., 2002) . However, our studies suggest that CUL4-DDB-ROC1-mediated H3 and H4 ubiquitylation may affect nucleosome stability and cause histone eviction. Although our data do not support a major role of CUL4-DDB-ROC1 in global H2A or H2B ubiquitylation in vivo ( Figure S1 ), our in vitro data suggest that CUL4-DDB-ROC1 is able to ubiquitylate all of the four core histones. It is possible that ubiquitylation of all histones in the same nucleosome may weaken the interaction between histones and DNA. Further structure studies on the nucleosomes ubiquitylated by CUL4-DDB-ROC1 may provide insight into this issue.
Experimental Procedures
Nucleosome Reconstitution and XPC-RAD23B Binding Assays The 5s DNA fragments were PCR amplified from the XP-10 plasmid (provided by Dr. Jeffrey J. Hayes), and the 5 0 primer used for PCR amplification was biotinylated. DNA fragments were gel purified and subjected to mock or UV irradiation at 500 J/m 2 . The mononucleosomes were assembled by salt dilution (Dyer et al., 2004) .
For XPC-RAD23B binding assay, reconstituted nucleosomes were first immobilized on streptavidin agarose (Introgen). After histone ubiquitylation, the beads were washed three times with buffer C (20 mM sodium phosphate [pH 7.8], 10% glycerol, 0.01% Nonidet P-40, and 0.25 mM PMSF) containing 0.6 M NaCl. The flowthrough and wash were combined and designated as Ft1, and proteins were precipitated with TCA. The XPC-RAD23B complex was reconstituted in vitro and incubated with streptavidin agarose beads at 30ºC for 30 min. The beads were then washed three times with buffer C containing 100 mM NaCl. The flowthrough and wash solution were combined and designated as Ft2, and proteins were precipitated with TCA and analyzed by Western blotting.
Immnofluorescence and Measurement of Thymine Dimers
Coverslips were washed with PBS and CSK buffer (100 mM NaCl, 300 mM sucrose, 10 mM PIPES [pH 7.0], and 3 mM MgCl 2 ) twice. Cells were then permeablized with 0.5% Triton in CSK buffer at room temperature for 5 min. After washing with CSK buffer twice, cells were fixed with 4% paraformaldehyde (PFA) for 20 min at room temperature. After three washes with PBS, DNA was denatured by incubation with 4 N HCl at room temperature for 10 min. Cells were then blocked by incubation with blocking buffer (PBS plus 1% BSA) for 30 min at room temperature. The primary antibodies, in blocking buffer, were incubated with the coverslips for 2 hr at room temperature. Cells were then washed three times with blocking buffer and incubated with second antibodies for 45 min at room temperature. After washing three times with PBS, DAPI at a concentration of 0.5 mg/ml was added and incubated for an additional 5 min. The coverslips were then washed with PBS twice and with water once before being mounted onto slides with vectorshield mounting media (Vector Laboratories). Images were captured with an Olympus microscope with 603 oil objective. Antibodies were used at the following dilutions: anti-thymine dimer mouse monoclonal (Kamiya Biomedical), 1:500; anti-XPC rabbit polyclonal (GeneTex), 1:500; and Texas Red conjugated anti-rabbit IgG and FITC conjugated anti-mouse IgG1 (GeneTex), 1:1000. The amounts of thymine dimers in UVC-irradiated cells were measured by ELISA as described previously (Zhai et al., 2005) using anti-CPD antibody.
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